Motivation: Redundant protein sequences in biological databases hinder sequence similarity searches and make interpretation of search results difficult. Clustering of protein sequence space based on sequence similarity helps organize all sequences into manageable datasets and reduces sampling bias and overrepresentation of sequences. Results: The UniRef (UniProt Reference Clusters) provide clustered sets of sequences from the UniProt Knowledgebase (UniProtKB) and selected UniProt Archive records to obtain complete coverage of sequence space at several resolutions while hiding redundant sequences. Currently covering 44 million source sequences, the UniRef100 database combines identical sequences and subfragments from any source organism into a single UniRef entry. UniRef90 and UniRef50 are built by clustering UniRef100 sequences at the 90 or 50% sequence identity levels. UniRef100, UniRef90 and UniRef50 yield a database size reduction of $10, 40 and 70%, respectively, from the source sequence set. The reduced redundancy increases the speed of similarity searches and improves detection of distant relationships. UniRef entries contain summary cluster and membership information, including the sequence of a representative protein, member count and common taxonomy of the cluster, the accession numbers of all the merged entries and links to rich functional annotation in UniProtKB to facilitate biological discovery. UniRef has already been applied to broad research areas ranging from genome annotation to proteomics data analysis. Availability: UniRef is updated biweekly and is available for online search and retrieval at
INTRODUCTION
Clustering of similar sequences aids in the identification of homologs, family classification, phylogenetic analysis, and related genomic and proteomic analysis tasks. A number of algorithms, tools and databases have been developed for clustering protein sequences (Enright and Ouzounis, 2000; Hobohm et al., 1992; Li et al., 2001; Mika and Rost, 2003; Paccanaro et al., 2006; Petryszak et al., 2005; Pipenbacher et al., 2002) . We have developed and disseminated the UniProt Reference Clusters (UniRef) as one of the key components of the Universal Protein Resource (UniProt), to provide complete coverage of protein sequence space at resolutions of 100, 90 and 50% identity (Wu et al., 2006) .
Many commonly used protein sequence databases contain redundant sequences, including identical sequences of the same length, identical subfragments and small sequence variations. Thus, the information content of these sequence databases is not linearly proportional to their size. Representative sequence databases can be used to provide the same amount of biological information with a smaller set of sequences (Park et al., 2000) . UniRef is designed to remove sequence redundancy and reduce the number of sequences representing the sequence space. Furthermore, to improve biological interpretation of sequence data, UniRef has tight linkage of the clusters and members to functional annotation in UniProtKB. One major challenge in UniRef database development is to keep pace with the rapid expansion of protein sequence space while maintaining a biweekly update schedule. We have developed an automatic procedure to generate the UniRef databases in a timely fashion. In this article, we describe the automatic procedure, the design and content, as well as the applications of UniRef databases.
SYSTEM AND METHODS

Source data
To achieve comprehensive coverage of protein sequence space, the UniProtKB and UniParc (Leinonen et al., 2004) databases maintained by the UniProt Consortium (2007) were used to generate the sequence set needed for the UniRef databases. The datasets are: (i) all UniProtKB entries, (ii) all splice variants extracted from UniProtKB/ Swiss-Prot entries and (iii) all UniParc entries that contain at least one active Ensembl (Hubbard et al., 2007) from human, mouse, rat, fly, dog, chicken, Fugu, Tetraodon or Xenopus species, RefSeq (Pruitt et al., 2007) or Protein Data Bank (PDB) (Kouranov et al., 2006) cross-reference, but no cross-reference to UniProtKB or UniProtKB splice variant. *To whom correspondence should be addressed.
Generation of UniRef100, UniRef90 and UniRef50 clusters
The UniRef databases are generated in a hierarchical fashion ( Fig. 1 ): UniRef100 clusters are generated first using sequences from UniProtKB and UniParc, UniRef90 clusters are then generated using UniRef100 clusters and UniRef50 clusters are generated using UniRef90 clusters. UniRef100 clusters are created in three steps. First, the CD-HIT algorithm (Li and Godzik, 2006; Li et al., 2001 ) is used to cluster all sequences with a 100% sequence identity threshold. Then the overlapping regions are checked to remove cluster members having gapped alignments with the longest sequence designated as the UniRef100 seed sequence. The cluster members removed in this step are treated as single-member clusters. Finally, as the CD-HIT algorithm does not process sequences 511 amino acids in length, these small fragments are tested for sequence identity and clustered when possible to achieve comprehensive coverage of the underlying sequence space. Small fragments not clustered are treated as single-member clusters.
Primary UniRef90 clusters are generated from the UniRef100 seed sequences using CD-HIT with a 90% sequence identity threshold. Likewise, primary UniRef50 clusters are generated using the UniRef90 seed sequences at 50% sequence identity. Since the primary UniRef90 and UniRef50 clusters are created with seed sequences only, additional members are added to the primary clusters to attain complete membership in the final clusters. All members of a UniRef100 cluster whose seed sequence is present in a primary UniRef90 cluster are added to the UniRef90 cluster. All members of this final UniRef90 cluster are similarly added to the appropriate primary UniRef50 cluster.
This procedure creates non-overlapping clusters, with each source sequence assigned to exactly one UniRef100, one UniRef90 and one UniRef50 cluster. Furthermore, the UniRef clusters have parent-child relationships at different identity levels, where each UniRef100 cluster and UniRef90 cluster are the child clusters of the UniRef90 and UniRef50 clusters that contain their corresponding seed sequences.
Optimization of UniRef creation and update procedures
Creating UniRef50 clusters by running CD-HIT at the 50% identity level is highly computationally intensive. To keep UniRef in sync with the biweekly update cycle of UniProt databases for the ever increasing number of source sequences, we developed a parallel clustering procedure using CD-HIT, as well as an incremental update procedure.
2.3.1 Parallel CD-HIT procedure The parallel procedure was developed for the creation of UniRef50 clusters using the CD-HIT algorithm. Nevertheless, the procedure can be used to cluster any large sequence set at low identity levels that requires heavy computation using CD-HIT. The parallelization method is also generally applicable to other clustering algorithms. The algorithm is described as follows ( Fig. 2 ): Given k nodes in a computer cluster
(1) Sequence sorting: sort the source sequences (all seed sequences from UniRef90) by length in descending order to generate sequence set S.
(2) Sequence grouping: split the S into k þ 1 parts S i , i ¼ 0, 1, 2, . . . , k, each containing roughly the same total number of residues, and none of the sequence in S i is shorter than those in S iþ1 .
(3) Parallel clustering: This step will take up to k rounds.
For the first round:
(a) Run CD-HIT at 50% level on the first group S 0 to compute the sequence cluster set C.
(b) Place sequences in each of the remaining k groups (i.e. S 1 , S 2 , . . . , S k ) into a separate computation node and, on each node, run CD-HIT at 50% level to recruit additional member sequences to C by clustering sequences under the seed sequences of S 0 .
(c) Combine the newly clustered sequences on each computation node (step b) with members under the seed sequences from S 0 (step a). This will complete the generation of the cluster set C for the seed sequences from the first group S 0 .
(d) For the remaining sequences not clustered in step b, retain the sequences of the next group S 1 as the first group and combine all the remaining sequences into a new sequence set for the next round.
As in the first round, the sequences in the first group will be clustered first and all sequences in the new sequence set will be split into k parts for parallel clustering.
(4) Concatenate the clusters generated in each round to complete the generation of UniRef50.
The parallel CD-HIT procedure speeds up the creation of UniRef50 clusters by at least an order of magnitude. For example, the UniRef50 creation for 850 000 source sequences took 4 weeks without the parallel procedure and reduced to 40 h when parallelized on 30 Intel Õ Xeon Õ 2.4 GHz processors. 
Incremental update procedure
UniRef: comprehensive and non-redundant UniProt reference clusters
The UniProt minor releases (major releases are numbered x.0, minor releases are x.1-x.n) usually have 510% new sequences. We designate the source sequence set (UniProtKB and selected UniParc sequences) from the previous release S 0 , the source sequence set of the new release S 1 , and the UniRef100 cluster set (seed sequences and non-seed members) from the previous release C 0 . The steps for incremental update are as follows:
(1) Create the new cluster set C from C 0 by removing UniRef100 non-seed members in C 0 that are no longer in S 1 .
(2) Identify all entries in S 1 but not in S 0 to generate the new sequence set S.
(3) Identify seed sequences that are no longer in S 1 , remove the corresponding UniRef100 clusters from the cluster set C and incorporate the non-seed members in S 1 to the new sequence set S.
(4) Cluster sequences in S under the remaining UniRef100 seed sequences in the cluster set C for recruitment of non-seed members using the incremental mode of the CD-HIT program.
(5) Cluster all remaining entries in S that cannot be clustered in step 4 using the regular (default) mode of the CD-HIT concatenate clusters computed in steps 4 and 5 to generate the final UniRef100 cluster set for the new release. The UniRef90 and UniRef50 are then updated similarly using the new versions of UniRef100 and UniRef90 as source datasets, respectively.
The difference in the final clustering results between incremental and full update is minimal. Our data indicate that 495% of UniRef50 clusters are identical between seven consecutive incremental updates (releases 9.0-9.7) and one full update (for release 9.7), given the 15% sequence difference during these releases. This translates into 51% difference on average for each minor release.
Selection of representative member
The seed sequence produced by CD-HIT is the longest member of the cluster, since it contains the most complete sequence information for computational purposes. However, for biological discovery the longest sequence may not always be the most richly annotated or informative. There is often more biologically relevant information (e.g. name, function, cross-references) available on other cluster members. To computationally select the representative member containing the most biological information, the following rules are sequentially applied.
(1) Quality of entry annotation: order of preference is a member from UniProtKB/Swiss-Prot, UniProtKB/TrEMBL, then UniParc.
(2) Meaningful name: members with protein names that do not contain words such as 'hypothetical' or 'probable' are preferred.
(3) Organism: members from model organisms are preferred.
(4) Sequence length: longest sequence is preferred.
RESULTS AND DISCUSSION
Database coverage, size reduction and cluster distribution
The UniRef databases are generated and released every 2 weeks in conjunction with updates of the UniProtKB and UniParc databases. The most recent major release of the UniRef databases (release 9.0, October 31, 2006) consists of 3 867 872 (UniRef100), 2 475 002 (UniRef90) and 1 292 284 (UniRef50) clusters, respectively. The source dataset consists of 4 362 881 sequences, including 3 571 161 UniProtKB sequences and 791 720 selected UniParc sequences. As a comprehensive, non-redundant reference database, UniRef100 is similar in scope to the nr protein sequence database produced by NCBI (Wheeler et al., 2007) . Most sequences in the two databases are the same since both are derived from a similar set of sequence repositories that include EMBL/GenBank/DDBJ CDS translations, UniProtKB, PIR-PSD (now merged with UniProtKB) and PDB. When we compare the sequence sets represented in compatible releases of UniRef100 ( 
B.E.Suzek et al.
RefSeq. The unique PRF entries previously not represented in UniProtKB have been reviewed and incorporated into UniProtKB. The difference in RefSeq and UniProtKB coverage is due to different update cycles at NCBI and UniProt, but nr also contains many subfragments that are merged in UniRef clusters. Indeed, we generally achieved $4% size reduction from nr when identical subfragments were removed from nr using the UniRef100 generation algorithm. UniRef100, UniRef90 and UniRef50 yield a database size reduction of 11, 43 and 70%, respectively, with respect to the source sequence set. The size reduction of UniRef50 with respect to UniRef100 is similar to that reported in earlier studies done on representative sequence databases (Park et al., 2000) . The size reduction has increased over time as seen in Figure 3 , which compares growth of the source and UniRef datasets since UniRef inception. The large increase in number of UniRef clusters in release 2.4 (August 31, 2004) coincided with the incorporation of over 1 million environmental sequences into UniParc, which were used as part of the UniRef source sequence set. These environmental sequences have been removed from the UniRef source sequences since major release 4.0 (February 1, 2005) because of their minimal level of annotation. The slower smoother rate of growth seen in UniRef90 and UniRef50 during releases 2.4 and 4.0 illustrates how they are minimizing sequence redundancy and bias as the majority of new sequences cluster with existing sequences. Figure 4 shows how UniRef databases cluster the sequence space in terms of the distribution of cluster size. We see a logarithmic distribution with an R 2 value approaching 1.0, consistent with the power law distributions that have been noted for a variety of biological phenomena including the distribution of protein domains and families (Luscombe et al., 2002) . Notable are the large numbers of single-member clusters at these high levels of sequence identity, ranging from 64% of all clusters in UniRef50 to 78 and 93% in UniRef90 and UniRef100. On the other end of the cluster distribution are a number of very large clusters, illustrating the high level of redundancy and overrepresentation of certain groups of sequences. Currently the largest cluster in UniRef100 consists of 41100 highly conserved Histone H3 proteins from a wide variety of arthropod species. The largest cluster in UniRef90 contains 43600 matrix 1 proteins of influenza A virus, while the largest UniRef50 cluster has $75 000 Pol polyproteins from human, feline, and simian immunodeficiency viruses (HIV, FIV and SIV). The web site also supports searches on various attributes of the UniRef clusters, including UniRef cluster ID, protein names, organism names and database identifiers. Note that since all UniRef database clusters are recreated every 2 weeks based on an updated sequence set, clusters and their representative sequences may change from release to release, resulting in different cluster IDs. Therefore, the best way to search for a cluster of interest is to use a member's accession number. The web site provides an easy way to view the information in a UniRef cluster and links all members to source UniProtKB/UniParc entries with additional information and annotation. The UniRef datasets are also available for BLAST searches on the UniProt web site. Batch retrieval and ID mapping for UniRef IDs are available at http://www.pir.uni prot.org/search/batch.shtml and http://www.pir.uniprot.org/ search/idmapping.shtml, respectively.
Database content and availability
Content of UniRef records
Applications of UniRef databases
UniRef is currently being used worldwide by researchers for a broad range of applications in the areas of functional annotation, family classification, systems biology, structural genomics, phylogenetic analysis and mass spectrometry. The most common use for the UniRef100 and UniRef90 datasets has been to exploit the non-redundancy and informative description lines and links to UniProtKB to assist annotation of genome sequencing projects (Cannon et al., 2005; Childs et al., 2007; Joron et al., 2006; Mudge et al., 2005; Pavy et al., 2005 Pavy et al., , 2006 Ramirez et al., 2005; Sato et al., 2005; Stover et al., 2005; Yan et al., 2006) and in software development for functional annotation (Koski et al., 2005) . For example, UniRef is used as a reference database for the BLAST search to assign functional annotation for the TIGR plant transcript assemblies (Childs et al., 2007) .
Many groups take advantage of the reduced sampling bias in UniRef to develop and improve profile-based models (PSI-BLAST, HMMER) for specific gene and structural motifs (Casbon and Saqi, 2006; Kinjo and Nishikawa, 2006; McGuffin et al., 2006; Peng et al., 2005; Rojas et al., 2005; Wang and Samudrala, 2006) . Several studies have utilized the UniRef clusters to aid in development of their own gene-familyor domain-specific clusters (Flaus et al., 2006; Novatchkova et al., 2006; Silverstein et al., 2005) . Evolutionary and phylogenetic studies (Barnosa et al., 2006) have also found uses for UniRef, as have a number of studies in the areas of structural genomics (Fernandez-Fuentes and Fiser, 2006; Jakobsson et al., 2005; Maurer-Stroh and Eisenhaber, 2005; Overton and Barton, 2006) , systems biology (Ng et al., 2006) and global proteome analysis (Frith, 2006) . In particular, many above applications use UniRef as the representative of the universe of protein sequences based on sequence conservation captured in UniRef50 clusters. For instance, UniRef50 is used to select non-redundant PDB structures and to develop scoring for structural genomics target ranking (Overton and Barton, 2006) . In another example, UniRef50 is used to derive average protein physical properties for the prediction of protein prenylation motifs (Maurer-Stroh and Eisenhaber, 2005) .
UniRef is also useful for mass spectrometry (MS)-based proteomics data analysis. As UniRef100 is the most comprehensive set of unique, non-redundant protein sequences, including sequences of splice variants, and contains links to UniProt annotation on post-translational modifications, a number of groups have used UniRef100 as the underlying database for protein identification from tandem mass spectra using different search engines (Gagne et al., 2005; Perkins et al., 2006; Vgenopoulou et al., 2006) . UniRef can also be utilized for functional analysis and profiling of proteomic data, including reanalysis of published data, where proteins have been identified based on other protein sequence databases. Both UniRef100 and UniRef90 have been used in the iProXpress proteomic expression analysis system for the biological analysis of several proteomes (Chi, 2006; Hu et al., 2007; Huang et al., 2007) . As peptides of the same protein from the MS experiments may be assigned to more than one protein entry, sequences mapped to the same UniRef100 or UniRef90 clusters are examined to select the most richly annotated UniProtKB entry from the same source organism.
CONCLUSIONS
The UniRef databases have been created to provide a complete coverage of the protein sequence space, while removing sequence redundancy and reducing the number of sequences, thereby increasing the speed of similarity searches and simultaneously improving detection of distant relationships with a more even sampling of sequence space. It further facilitates biological discovery by providing information such as protein name and taxonomy in the UniRef clusters, as well as the direct reference to UniProtKB with rich functional annotation. The biweekly update cycle ensures that UniRef provides up-to-date clusters, keeping pace with the rapid growth of protein sequences. These major features-the comprehensive sequence coverage, the reduction of sequence redundancy and the tight linkage to functional annotation in UniProtKB-have allowed UniRef to be utilized for a variety of applications ranging from genome annotation and family classification to phylogenic analysis and proteomics data analysis. 
